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^ , We have investigated the deterioration of field efi'ect transistors based on two- 

H ' dimensional materials due to irradiation with swift heavy ions. Devices were pre- 

'^ . pared with exfoliated single layers of M0S2 and graphene, respectively. They were 

^ \ characterized before and after irradiation with 1.14 GeV U^®"*" ions using three dif- 

ferent fiuences. By electrical characterization, atomic force microscopy and Raman 

T-H \ 

K^ ' spectroscopy we show that the irradiation leads to significant changes of structural 

'nI" ■ 
^~^ , and electrical properties. At the highest fiuence of 4 x 10^^ ions/cm^, the M0S2 

: ' transistor is destroyed, while the graphene based device remains operational, albeit 

^D ■ with an inferior performance. 
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I. INTRODUCTION 

Immediately after its discovery graphene was shown to be an excellent material for the 
fabrication of field effect devices Ij. Due to its ballistic transport properties very large 
mobilities can be achieved at least under optimum conditions [2|, yL A graphene FET 



operating at GHz frequencies was reported by IBM researchers in 2008 



Because graphene 



is a gapless semiconductor, it shows an ambipolar behaviour, i.e. both charge carrier types 
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contribute to its conductivity. Therefore, researchers focussed on other possible 2D materials 
which have a bandgap and in 2011 the first high performance field effect device with single 
layer M0S2 was realized |5|. This two-dimensional (2D) material has a lower carrier mobility 
but also bandgap of ^1.8 eV p] and thus a M0S2-FET can be operated with large off-on 
current ratios [7J . Both materials are thus promising candidates for use in future electronics 







ll| . In this paper we study whether such devices are sensitive to radiation by swift heavy 



ions (SHI). The reason for this study is two-fold: SHI are a well-known tool for material 



modification 
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13| and might thus be useful to manipulate 2D-FETs as well. In addition, 
this type of projectile interacts with solids primarily via electronic excitations and offer thus 
the unique chance to study how 2D materials react to ionizing particle irradiation. This is 
not only interesting for basic science but represents also an important issue if 2D-FETs are 
to be operational in ionizing environments as e.g. in outer space. 

II. EXPERIMENT 

A. Experimental details 

For this experiment simple field effect devices (called FETs in the following) were prepared 
from single layer graphene (SLG) as well as from single layer M0S2 (SLM). The first step 
is mechanical exfoliation from single crystals onto 90 nm Si02 on a Si wafer (p-doped, p = 
(0.001—0.005) ficm). The second step is selection of appropriate flakes and determination of 
their layer number with /i- Raman spectroscopy [IJ]. In a third step selected SLG and SLM 
are contacted using photolithography and vacuum evaporation. Two gold contacts (with Ti 
as bonding agent) serve as source and drain, the Si substrate as a global backgate, see flgE 

Typical channel length and width of our devices are L = Q fun and W = (3 — 12) fun. Step 
four is the electrical characterization of the FETs before irradiation with respect to their 
output {Id{Uds)) and transfer {Id{Ugs)) characteristics. Important physical properties as 
conductivity a and mobility /i are directly derived from the experiment as follows: 

a = dI,/dUns, -d/. = ^.^^^. 

Here, Id is the drain current, Ugs is the voltage between gate and source, Uds is the voltage 
between drain and source, see flg. [H Ci = ^ = 3.837- 10"^ F/m^ is the capacitance between 




Figure 1: Optical microscopy images of field effect devices based on (a) single layer M0S2 and (b) 
single layer graphene. The electrical setup is schematically shown in (c). The third contact is not 
used and was kept floating during measurements. 

the channel and the backgate per unit area, e and e^ are the dielectric constants of air and 

of the dielectric (Si02: Cr = 3.9 ), respectively, and d is the thickness of the oxide layer 

(90 nm). In addition, the charge carrier density can be directly derived from this data by: 

a 
ne,h 



e^ir. 



with e the elementary charge. Note, that n and criUcs = V) are measured independently 
from each other, while niUcs = V) is calculated from a and /i. 



The FET characteristics that we find are typical and comparable to literature data 15, 
16(1, however device performance is definitively below the reported record values, see below. 
In general we found a great device-to-device variation with respect to transistor parameters 
(see figs. [2] and Hj). In addition, we observed that M0S2 transistors show significant aging even 
if stored under N2 atmosphere [l6|, while graphene devices appear to be stable for weeks. 



Therefore, SLM FETs for this study have been prepared immediately before irradiation to 
avoid contamination problems. 

In the fifth step the samples were irradiated with 1.14 GeV ^^^U in the UHV irradiation 
set-up at the M-branch of the swift heavy ion accelerator at the GSI in Darmstadt, Germany. 
For each type of FET three different fiuences v? were chosen: 4 x 10^°, 1.5 x 10^^ and 4 x 10^^ 
ions/cm^ (corresponding to 400, 1500 and 4000 ions/yum^). In bulk materials the radius of 
a typical SHI ion track (i.e. the permanently modified region) is about one nm. This means 
that at the chosen fiuences only the last fiuence definitely results in overlapping tracks while 
the lowest one grants individual impacts. The projected range of the uranium ions at this 



energy is ~ 46 microns ITJ]. It is therefore safe to assume that they completely pass the 
Si02 layer. The uranium ions themselves have thus no further influence on the electronic 
properties of the devices and any changes are consequences of the processes triggered by the 
projectiles. 

For comparison we irradiated additional SLM and SLG samples without electrical con- 
tacts with 4 X lO^'^ ions/cm^ (high fiuence) and under otherwise identical conditions chosen 
for the FETs. These samples were analyzed with atomic force microscopy (AFM, VECOO 
Dimension-3100; Nanosensors NCHR tips) in tapping mode and in the case of SLG also with 
Micro- Raman spectroscopy (LabRAM HR, Horiba Jobin Yvon), El =2.33 eV, 1.96 eV and 

1.49 eV, PLaser < 1 HlW). 

B. Results 

First, we present the data for SLM FETs. The results for all three devices are shown in 
fig. 121 where we have plotted the transfer characteristics, i.e. the drain current as a function 
of the gate voltage. Before irradiation (upper panel) the SLM FETs show basically the 
same characteristics as reported in literature. In our devices amplification sets in at a gate 
voltage of about Ugs = —4 V (pinch-off). Typical values for mobility are (2.5 ■ 10~^ — 1.7 ■ 
10"^) cm^/Vs and for charge carrier concentration (9.8 • 10^^ — 2.5 • 10^^) ne/cm^. 

After irradiation (fig. |2l lower panel) those quantities show significant changes. At low 
fiuences (a) we observe a decreased drain current by almost two orders of magnitude. Also 
for the intermediate fiuence (b) the conductivity of the SLM FETs deteriorates. The cor- 
responding drain current has decreased by ^ 1.5 orders of magnitude with respect to the 
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Figure 2: Transfer characteristics of SLM FET devices. Upper panel shows loiUcs) before irradi- 
ation for the three different devices. Lower panel shows Id{Ugs) a-s recorded after irradiation with 
^^^U ions at a fluence of (a) 4 x 10^'^ ions/cm^, (b) 1.5 x 10^^ ions/cm^ and (c) 4 x 10^^ ions/cm^, 
respectively. 

pristine SLM FET. Note however, that the device (b) was of higher quality to begin with, 
compared to the SLM FET exposed to the low fluence irradiation (a): The latter controls a 
current about three orders of magnitude less, see fig. El For the highest fluence (c), the SLM 
FET is no longer operational. To verify this result another device of this type was subjected 
to a high fluence irradiation. Also this second SLM FET was rendered non-functional by 
the irradiation. 

Atomic force microscopy images of single layer M0S2 exposed to the highest fluence show 
many randomly distributed hillocks (see figs. |3^ and b, lower panels) which are not present 
on pristine samples (upper panels in figs. [3^ and b). Their apparent height depends strongly 
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Figure 3: (a) AFM topography image of SLM before (upper panel) and after irradiation (lower 
panel) with 4 x 10^^ U ions/cm^. After irradiation the surface is covered with protrusions and 
small holes, the former can be clearly identified in the phase image (b). Their height is about a 
few nm, diameters can be as large as 50 nm. 

on the scanning parameters and they can be seen even more clearly in the corresponding 
phase images. These protrusions cover about 1.62% of the surface. 

Second, we present the data for the SLG FETs. The results for all three devices are 
shown in fig. HI where we have plotted the conductivity as a function of the gate voltage. 
Before irradiation (black triangles) the SLG FETs show the ambipolar behaviour typical for 
graphene devices. All SLG FETs have excess carriers resulting in a p-type doping ranging 
from (L3 • 10^^ — 1.4 • 10^^) ions/cm^. Mobility values range from (243 — 390) cm^/Vs for 
electrons and for holes we find (595 — 1198) cm^/Vs. 

After irradiation (fig. HI blue circles) with a low fiuence (a) the mobility of the SLG 
FET increases significantly for holes as well as electrons while the carrier density slightly 
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Figure 4: Conductivity of three different SLG-FETs as a function of gate voltage Ugs before (black 
triangles) and after irradiation (blue circles) with 4 x 10^'^ ions/cm^, (b) 1.5 x 10^^ ions/cm^ and 
(c) 4 X 10^^ ions/cm^, respectively. 



decreases. For the intermediate fluence (b) the mobihty decreases significantly while the 
carrier density slightly increases. Even after irradiation with the highest fluence (c), the 
SLG FET is still operational in contrast to the SLM FET. Carrier density has increased, 
hole mobility slightly decreased upon irradiation. Another SLG device was exposed to high 
fluence irradiation and remained operational as well. 

Atomic force microscopy images of single layer graphene exposed to the highest fluence 
show many randomly distributed hillocks and rather large pits (see fig. |5]) which are not 
present on pristine samples. The overall appearance is similar to what has been found for 
SLM. The apparent height of the hillocks depends strongly on the scanning parameters. 
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Figure 5: (a) AFM topography image of pristine (upper panel) SLG and after irradiation (lower 
panel) with 4 x lO^^U ions/cm^. After irradiation the surface is covered with protrusions which 
can be clearly identified in the phase image (b). The hillocks height reaches 10 nm, the holes depth 
is limited to the apparent thickness of the SLG. The hillock diameter can be as large as 50 nm. 

Because they can be seen even more clearly in the corresponding phase images, this data 
was analyzed to determine that protrusions cover about 1.09% of the surface. 

In order to further analyze the nature of the induced defects in graphene, Raman spec- 
troscopy was performed. This method has been proven to be a powerful tool to characterize 
defects in SLG 
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2l|. The signature of defects is given by the double-resonant D and Dl 



peaks at approximately 1350 cm~^ and 1620 cm~^ 22|,|23|. In fig. El we show Raman spectra 
of a similar graphene flake as shown in flg. |5l irradiated with 4 x 10^^ ions/cm^. Spectra 
have been taken with three different laser excitation energies enabling us to compare our 
results with literature data from Ar+ irradiated graphene (see discussion). 
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Figure 6: Raman spectra of SLG after irradiation with 4 x lO^^U ions/cm^ (high fluence) for three 
different excitation wave lengths. The D peak indicating irradiation induced defects is clearly 
present. The normalized EJ^{I£)/Ig) peak height ratio can be used to estimate the induced damage 
to the SLG sheet. 

C. Discussion 



The data above indicates that the irradiation of 2D-FETs with SHI can have adverse 
effects: It can lead to inferior device performance (e.g. high fluences SLG FET) up to total 
destruction (SLM FET) but it can also cause an improved device performance (low fluences 
SLG FET). This immediately suggests that at least two counteracting mechanisms could play 
a role here. We propose that two relevant mechanisms are 1) doping and 2) defect creation. 
The latter seems to be straightforward as ion irradiation is known to cause structural defects, 
even in graphene 2J-|30|. By using a combined scanning electron microscope/focused ion 
beam system it has been shown, that graphene possesses an enhanced resistance towards 
sputtering 3l|. However, here we have to keep in mind that the cross section for direct 



collisions of swift heavy ions with target atoms is negligible. In order for this mechanism 
to be in effect, we have to postulate that the electronic excitation caused by the SHI is the 
origin of the defect creation. This is in agreement with our finding here that SLM FETs are 
more easily destroyed than SLG FETs. In the latter material the electronic energy will be 



10 

spread very efficiently so that the energy density at a given time is too low to create large 
defects, while in M0S2 (being a semiconductor) the electronic energy dissipation will be less 
rapid and significant damage will occur more easily. Any damage to the lattice will act as 
scattering center and will therefore result in reduced mobility. 

The second mechanism, doping, will lead to an increased number of charge carriers and 
thus give rise to an enhanced conductivity (at a given mobility). Here, doping could be 
achieved in various ways: ions may either directly induce interstitials and vacancies or their 
interaction with the substrate gives rise to modifications of the graphene lattice. In this 



case, also substitutional doping would be possible in the following way [32]. After passing 
through the 2D material the projectile enters the substrate where energy is deposited along 
its track. As the dielectric substrate material Si02 cannot dissipate the energy effectively, the 
primary electronic excitation is transferred to the lattice in a very small volume surrounding 



the trajectory. This heated zone is called a thermal spike 33(| and causes material to be 



ejected at the impact sites in the near-surface regions 3J]. This foreign material can be 



caught by graphene 35| and act as donor or acceptor, respectively. Substitutional doping 
by irradiation thus introduces additional charge carriers which might either increase the 
total charge carrier density or decrease it, depending on the type of carrier and the initial 
doping of the 2D material. Note, that whether changes in carrier concentration are due to 
doping and/or to the removal of adsorbates cannot be distinguished at this point. 

In the case of SLM FETs, doping by SHI irradiation seems to be only a minor effect and 
the deterioration of device performance with increasing fluence can be attributed solely to 
the increasing number of ion induced defects. The AFM images (fig. [3]) clearly show that the 
SLM sustains significant structural damage due to ion irradiation. At the highest fiuence 
ion tracks overlap and quite obviously material is ejected from the surface. The protrusions 
could be the remnants of this process. 

In case of the SLG FETs (see fig. Hj) both mechanisms seem to play a role. Irradiation with 
SHI can increase the number of charge carriers (doping) but at the same time reduce their 
mean free path (defects). In order to further discuss our results we focus in the following 
on the primary quantity which determines the performance of the SLG FET, i.e. the hole 
mobility. 

Our experiment shows that the performance of an SLG FET with average mobility (see 
fig. H^) increases after low fiuence irradiation. This would indicate that either scattering 
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centers have been removed and/or electron density has increased by doping. Pristine exfo- 
hated graphene on Si02 is usually p-doped due to adsorbates. The allegedly reduced hole 
density determined at Ucs = is fully consistent with e.g. substitutional doping, as the 
introduction of a given number of electrons from foreign atoms would compensate a corre- 
sponding number of holes and thus lead to an overall decreased holes density, while the hole 
conductivity at Ugs = increases. Scattering centers related to doping at this fiuence are 
still far enough apart: assuming point like defects the average distance / between to impacts 



is proportional to Jl/^ |2l| and thus amounts to 50 nm . 

We also find that the SLG FET with a below-average performance (see fig. IH:;) remains 
more or less intact even after high fiuence irradiation, i.e. the decrease in hole mobility is 
probably compensated by the increasing hole density. It is quite surprising that the degree of 
structural damage sustained by graphene seems to be comparable to that observed in M0S2. 
Both, AFM as well as Raman data show that the SLG is highly defective after high fiuence 
irradiation, see figs. [5] and [6l Nevertheless, the SLG FETs were still operational, proving 
the superior resistance of graphene devices to ionizing particle radiation as predicted using 



atomistic simulations [36|. The biggest effect of irradiation is observed if an SLG FET 
of below-average performance (see fig. Hb) is irradiated with a medium fiuence. Here, the 
decrease in mobility is the largest of all three irradiated SLG FETs and the very slight 
increase in carrier density can seemingly not compensate this effect. 

Transport characteristics of FETs are governed by a variety of factors such as uninten- 
tional channel doping due to substrate interactions, environmental adsorbates, contacts or 



fabrication steps, as well as oxide thickness, channel width and length 16|, |37h40|] . In de- 
vices where the latter is on the order of the depletion-layer widths of the source and drain 
junction, the carrier density does not necessarily remain constant at high gate voltages and 
short-channel effects must be considered 4l|. In order to investigate these effects and to 



clarify the influence of ion irradiation induced contributions, experiments with dedicated 
devices are currently underway. 

Finally, we discuss our Raman data. With respect to ion irradiation of graphene, it has 
been shown that point defects can be introduced in the graphene lattice most efficiently by 



low energy ion bombardment [18|. In order to estimate the density of defects which were 
created by SHI irradiation, we determined the amplitude ratio of the defect activated D mode 
to the G mode [Id/Ig] multiplied by Ej^ (where El is the Laser energy) to account for the 
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energy dependence of Id/ Iq- Following the method from [18|, ll9| we find for our sample an 
E^{I£,/Ig) ratio of ~32 which corresponds to (7.5 ± 2.3) x 10^^ defects/cm^. Because the 
sample was irradiated with only 4x10^^ ion/cm^, defects induced by SHI seem to exceed 
single carbon atom displacements caused by 90 eV Ar"*" ions. From this we conclude, that 
the electronic excitation induced by the SHI in the graphene, the substrate or both, is able 
to create larger defects with a higher Raman cross section in the graphene flake than Ar"*" 
ions. This unexpected effect will be studied in more detail in a forthcoming experiment. 

D. Conclusions 

We have shown that 2D FETs show significant changes with respect to output and trans- 
fer characteristics after irradiation with swift heavy ions. Devices may improve or deteriorate 
after irradiation, a finding which could be interpreted in terms of two mechanisms work- 
ing in opposite directions. Especially our result that single layer graphene FETs can be 
improved with respect to conductivity might prove very interesting for applications. The 
doping mechanism could be used to increase the number of carriers without introducing too 
many scattering defects. It would be interesting to study this effect in devices which have 
been optimized before irradiation, e.g. by heating to remove adsorbates. This would also 
enable a more detailed study of the superior resistance of graphene FETs to ionizing particle 
irradation in comparison to FETs based on M0S2. 
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